Cell shapes and connectivities evolve over time as colony shapes change or embryos develop. 9 Shapes of intercellular interfaces are closely coupled with the forces resulting from actomyosin 10 interactions, membrane tension, or cell-cell adhesion. While it is possible to computationally in-11 fer cell-cell forces from a mechanical model of collective cell behavior, doing so for temporally 12 evolving forces in a manner that is robust to digitization difficulties is challenging. Here, we in-13 troduce a method for Dynamic Local Intercellular Tension Estimation (DLITE) that infers such 14 temporal force evolutions with less sensitivity to digitization ambiguities or errors. This method 15 builds upon prior work on single time points (CellFIT). We validate our method using synthetic 16 geometries. DLITE's inferred cell colony tension evolutions correlate better with ground truth 17 for these synthetic geometries than tension values inferred from methods that consider each time 18 point in isolation. We introduce cell connectivity errors, angle estimate errors, connection mislo-19 calization, and connection topological changes to synthetic data and show that DLITE has reduced 20 sensitivity to these conditions. Finally, we apply DLITE to time series of human induced pluripo-21 tent stem (hIPS) cell colonies with endogenously expressed GFP-tagged ZO-1. We find major 22 topological changes in cell connectivity, e.g. mitosis, can result in an increase in tension. This 23 supports a correlation between the dynamics of cell-cell forces and colony rearrangement. 25 26
Introduction edge connected to node n respectively, e n is the number of edges connected to node n and n residual is 82 the magnitude of the resultant tension vector coming into a node (ideally 0). This notation is shown 83 in Fig. 1B . This equation applies when employing a curvilinear description of tissue and applies to a 84 node that is both connected to at least three edges and is in mechanical equilibrium [34] . The pressure 85 difference between adjacent cells can be estimated using Laplace's law as
where e is an edge, p i and p j are the pressure of adjacent cells i and j respectively and e residual is 87 the residual error from the pressure balance. Here, t and r represent the tension and radius of the 88 interfacial edge e. The system of equations for tension and pressure are generally overdetermined; 89 there is no unique solution to this system [34] . Therefore, we can only infer the relative distribution 90 of tensions from the shape of the edges and not the absolute values. 91 To compute the dynamics of cell-cell forces, we reformulated the tension balance (Eq. 1) as a local 92 optimization problem defined as n j,residual + n j,residual
where n j and e n j represent the j th node and the number of edges connected to node n j , and N is the 94 total number of nodes in the colony. Here, n j,residual is the tension residual at a given node (Eq. 1) 95 and the regularizer is the magnitude of the tension residual divided by the sum of the magnitude of the 96 tension vectors acting on that node. Since tension cannot be negative, we set a lower tension bound 97 of zero. In Eq. 3, the regularized term ensures that the system of equations does not converge to the 98 globally trivial solution (tension = 0 along all edges) [39] . Pressure in each cell was computed using 
where E is the total number of edges in the colony and e j is the residual error from the pressure balance 100 at the j th edge. Tension and pressure solutions were normalized to an average of 1 and 0 respectively, which is designed to model soap films. The energy function (W ) was defined as 
where t j , L j are the tension and length of the j th edge and p k , A k are the pressure and area of the k th DLITE is robust to digitization ambiguities 188 The input to a force-inference model is a map of colony shape as a series of curved edges and the nodes 189 where edges join (Fig. 1B) to incorrect values of between-edge angles at a particular node. Errors in curve-fitting can lead to poor 220 tension residuals (Eq. 1) or large condition numbers of tension matrices (Eq. 6), which is defined as 221 the ratio of the largest to smallest singular values in the SVD (Singular Value Decomposition) of the 222 given tension matrix. Subsequently, this leads to poor inference of tension (Fig. 2 ). This is especially 223 problematic when cell-cell junctions are distinctly non-circular, as they commonly are. To simulate 224 this, we generated a time-series of synthetic geometries using Surface Evolver such that later time 225 points are distinctly non-circular ( Fig. S3A ). The large curve-fit residuals at later time points (Fig.
226
S3B) lead to ill-conditioned tension matrices and errors in tension inference ( Fig. S3C ). However,
227
DLITE uses tension information from prior time points to retain the distribution of tensions and is not 228 poorly scaled by these curve-fit errors ( Fig. S3C ).
229
Another major digitization challenge for force-inference models is the accurate determination of to the loss of a triple junction, and consequently a singular tension matrix ( Fig. 3E , CellFIT). For an initial tension guess from an identical label at prior time points, these edges are given an initial 247 guess for the value of tension equal to the average initial guess of all edges connected to that edge.
248
By using such a scheme, DLITE can predict tension and ∆tension (change in edge tension of an edge 249 label between adjacent time points) that correlates well with the ground truth ( Fig. 3E, F) . Thus, in 250 both images and movies of colonies, we find that use of information from the neighbouring region Using a skeletonization of segmented GFP images, we predicted the evolution of intercellular 290 forces in three different ZO-1 time series using both DLITE and CellFIT (Fig. 6A , B and C). Since no 291 ground truth is available in this case, we determined the quality of predicted tensions using condition 292 numbers (κ) of the tension matrix (Eq. 6) and tension residuals. We note that the relative distribution of 293 tensions range from 0 to 3, such that the average tension is normalized to 1. The time interval between 294 adjacent time points was 3 minutes. The example frames shown in Fig. 6A , B, C are organized as raw 
where γ is a list of surface tension magnitudes and G γ is a matrix of edge tension coefficients (sin's 412 and cos's). Since the system of equations is over-determined, this is formulated as a constrained least 413 squares (Karush Kuhn Tucker or KKT) matrix, which can be written as
where C 1 = [1, . . ., 1], λ 1 is a Lagrange multiplier, and N is the number of edge tensions. This 415 normalizes the average edge tension to 1. Similarly, the pressure balance is evaluated as a matrix 416 system 417 G p p = q,
where p is a matrix of cell pressures and q is a matrix of edge tensions divided by edge curvatures 418 (t/r), as per Laplace's law. This is also formulated as a constrained least squares matrix as
where C 2 = [1, . . ., 1], λ 2 is a Lagrange multiplier and M is the number of cell pressures. This if labels is empty then return new labels ← nodes, edges, cells 7:
else tracked labels ← nodes, edges, cells 8:
if Make objective then 9:
Add tension residuals or pressure residuals to objective function, 10: Update initial guess through labels, 11:
for node in nodes do 
